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FLOW PATTERNS AND PRESSURE DISTRIBUTIONS AROUND 
A BLUFF AFTERBODY IN THE WAKE OF A 120° CONE 
FOR VARIOUS SEPARATION DISTANCES AT MACH 3.0 

By William D, Deveikis and James Wayne Sawyer 
Langley Research Center 

SUMMARY 

A wind-tunnel investigation of an attached inflatable decelerator concept was con- 
ducted at a Mach number of 3.0 with solid models to observe the effects of varying the 
separation distance between the 120° cone forebody and the inflated afterbody shape on 
flow patterns and pressure distributions. Of interest was the influence of the bluff fore- 
body wake on the afterbody to aid in determining the feasibility of using the inflated 
afterbody to extricate a payload from the forebody while traveling supersonically. Flow- 
visualization tests were conducted for separation distances up to 4.74 forebody diameters 
and at free -stream Reynolds numbers, based on afterbody maximum diameter, between 
0.57 X 10® and 3.2 X 10®. Pressure-distribution tests were conducted for separation 
distances up to 2.49 forebody diameters at free-stream Reynolds numbers, based on 
afterbody maximum diameter, between 10.0 x 10® and 11.8 x 10®. The afterbody was 
constructed with a burble fence so that the afterbody-to-forebody frontal area ratio was 
6 . 2 . 

The flow-visualization tests revealed specific ranges of separation distance for 
which the cone forebody wake was either divergent or convergent. There was also an 
intermediate range of separation distances in which both types of configuration were 
obtainable. The pres sur e - distribution test results indicated that, as the separation dis- 
tance for divergent wakes increased, the negative pressure gradient along the cone 
became stronger; the cone wake pressures decreased; the afterbody front surface area 
within the cone wake increased; afterbody ram and surface pressures within the cone 
wake decreased to wake pressure; and the drag coefficients of the cone and afterbody 
increased and decreased, respectively. Using drag coefficients evaluated from the 
surface-pressure distributions, computations of the acceleration of each body over a 
range of the af te r body - to -f or ebo dy mass ratio from 0 to 6.2 indicated that unlimited sep- 
aration of the two bodies will occur only for afterbody-to-forebody mass ratios less 
than approximately 1.55, 



INTRODUCTION 


As discussed in reference 1, the attached inflatable decelerator concept illustrated 
in figure 1 is very efficient in terms of its low structural weight and the drag that can 
be developed. Consequently, one of the uses envisioned for it is on unmanned atmo- 
spheric entry systems designed to deliver a payload to the surface of a planet. The pay- 
load and inflatable afterbody are packaged behind the large-angle cone forebody which 
serves both as a heat shield and as a decelerator on entry. During the entry phase the 
inflatable afterbody is deployed supersonically to augment the drag of the forebody and 
thus assist in making a soft landing. 

For some missions, it may be desirable to jettison the forebody prior to touch- 
down, in. which case the inflatable afterbody might also serve to assist in extricating the 
payload. Conceivably, mission requirements may also dictate that the forebody be 
jettisoned while the decelerator is traveling at supersonic speed. Although several 
techniques for supersonic deployment of the inflatable afterbody have been successfully 
demonstrated in wind-tunnel tests as reported in references 2, 3, and 4, experimental 
information is lacking on the behavior of the two bodies during their separation. Thus, 
the present investigation was conducted to study the flow field and mutual interference 
of the two bodies at varying separation distances for a Mach number of 3,0, 

A sting- mounted pressure -distribution model was tested in the Langley 9- by 
6 -foot thermal structures tunnel to determine the effects of forebody wake on afterbody 
ram and surface pressures for separation distances up to 2,49 forebody diameters. In 
addition, flow- visualization tests were conducted in the Langley 9- by 6-inch model 
tunnel using a l/l6-scale model of the pressure-distribution model for separation dis- 
tances up to 4.74 forebody diameters, Free-stream Reynolds number, based on after- 
body maximum diameter, was nominally 11,5 X 10® for the pressure -distribution tests 
and varied between 0,57 x 10® and 3,2 x 10® for the flow-visualization tests. With the 
burble fence included, the afterbody-to -forebody frontal area ratio was 6,2, 

SYMBOLS 


Although physical quantities were measured in U,S, Customary Units, they are 
presented in this paper in the International System of Units (SI), Factors relating the 
two systems are given in reference 5, 


'D 


drag coefficient. 



surface pressure coefficient. 


q 



surface pressure coefficient on front surface 

surface pressure coefficient on back surface 

cone diameter 

cone length 

local Mach number 

mass of afterbody 

mass of cone 

free-stream static pressure 
local surface pressure 
ram pressure 

free-stream dynamic pressure 

radial coordinate (fig. 2) 

maximum radius of afterbody (fig, 2) 

maximum radius of burble fence (fig. 2) 

base radius of cone (fig. 2) 

radius of spherical nose 

maximum reference radius (r^^, rj^, or r^^ 

axial coordinate (fig. 2) 

separation distance between cone and afterbody (fig. 2) 










system and a spark light source of approximately 0. 2-microsecond duration. Pressures 
were measured with the aid of strain-gage pressure transducers connected to orifice 
tubes in the pressure-distribution model. The output from the transducers was recorded 
and reduced to useful form at the Langley central digital data recording facility. Based 

on a deflection of 1 percent of full scale, the values of the pressure coefficients deter- 
mined from the transducer data are estimated to be accurate within 0.025. 

Test Facilities 

The flow -visualization model was tested in the Langley 9- by 6 -inch model tunnel, 
whereas the pressure-distribution model was tested in the Langley 9- by 6-foot thermal 
structures tunnel. Both facilities are blowdown wind tunnels which operate at a Mach 
number of 3.0 with less than 1 percent deviation. The 9- by 6 -inch model tunnel is 
equipped with an air ejector that permits it to operate at stagnation pressures between 
269 and 1380 kN/m^ absolute. The 9- by 6 -foot thermal structures tunnel operates at 
stagnation pressures between 345 and 1380 kN/m2 absolute. Both facilities can operate 
over a stagnation-temperature range between ambient and 1360 K and use the same air 
supply. Other details on these facilities may be found in reference 6. 

Tests 

All tests were conducted with the model oriented at 0° incidence with respect to the 
tunnel longitudinal center line. The flow-visualization tests were conducted at ambient 
stagnation temperatures for increments of the separation distance as small as 0.018d(. 
and for separation distances up to 4.74d(,. At each separation distance, flow patterns 
were observed throughout the stagnation-pressure range of the facility, and representa- 
tive schlieren photographs were taken. Free-stream Reynolds number, based on after- 
body maximum diameter 2r]g, varied between 0.57 x 10® and 3,20 x 10®. To obtain 
schlieren photographs of the flow patterns at small separation distances, the front face 
of the afterbody was cut back to match the flat surface of the cone forebody base. Hence, 
two afterbody shapes are shown in the schlieren photographs reproduced herein. For 
these tests, the tunnel was operated for as long as 10 minutes. 

The pressure-distribution tests were conducted over a range of 10 separation dis- 
tances up to 2,49d(.. The afterbody was also tested without the cone forebody to simulate 
conditions at very large separation distances. For this case, a 130° cone tip was added 
to the afterbody to cover the flat surface that was exposed on removing the cone forebody. 
Stagnation temperature was constant for each test but varied between 350 K and 392 K 
over this series of tests. Thus, the free-stream Reynolds number, based on afterbody 
maximum diameter 2r^ varied between 10,0 x 10® and 11,8 x 10®. Test duration was 
approximately 30 seconds to provide sufficient time for pressures sensed by the trans- 
ducers to reach equilibrium. 



RESULTS AND DISCUSSION 


Flow Patterns 


Schlieren photographs taken during the flow-visualization tests revealed distinctive 
flow patterns at different separation distances. Typical features are illustrated and iden- 
tified in figure 4. When the cone forebody and the afterbody were unseparated, the 
resulting floA¥ pattern, shown in figure 4(a), was generally characteristic of patterns that 
were observed in the investigation of reference 3 on other attached inflatable decelerator 
shapes. However, the boundary-layer flow separation from the cone rim and its subse- 
quent reattachment onto the afterbody were unique for the present decelerator shape 
because the shapes of reference 3 had no rearward-facing step at the cone juncture with 
the afterbody. 


At values of w- ^ Oj the flow features differed primarily by the cone wake 

configuration - that is, whether it diverged as in figure 4(b) or converged as in fig- 
ure 4(c), For the flow pattern illustrated in figure 4(b), the presence of the afterbody 
restricted the expansion of the flow around the cone rim so that the separated shear layer 
spanned the distance between the bodies as shown. Thus, the shaded space between the 
bodies comprised a separated-flow region wherein the flow circulated as indicated. The 
resulting forebody-wake-afterbody configuration appears to operate as a single body in 
which the wake serves as a truncated conical center section. This flow pattern is 
believed to be free of forebody sting effects and, therefore, representative of free flight. 


For the flow pattern illustrated in figure 4(c), the afterbody did not restrict the 
expansion of flow around the cone rim. Hence, the flow was able to converge behind the 
cone and form a narrow, viscous wake in a manner characteristic of a natural wake 
behind a bluff body as shown in the schlieren photograph of the cone forebody in figure 5. 
However, the presence of the afterbody forced the flow to separate from the sting at a 
location well ahead of the afterbody. This effect is consistent with similar effects 
observed in other investigations such as those reported in references 7 and 8 on blunt 
axisymmetric bodies with spikes. Thus, in the present tests, the afterbody would have 
encountered flow separation effects regardless of the sting length, and in this respect, 
the flow pattern of figure 4(c) differs from that which would be obtained in free flight. In 
free flight, the afterbody would experience some effects from the narrow, viscous wake 
but such effects would become negligible at sufficiently large separation distances, and 
attached flow would be expected thereafter. 


Schlieren photographs of the flow details around the bodies at various separation 
distances are shown in figure 6. Figure 6(a) shows a photograph of the flow pattern 
taken when -^ = 0 and was used in preparing figure 4(a). In the present investigation, 
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the divergent and convergent cone wake configurations occurred for ranges of separation 
distances that were independent of Reynolds number over the operating range of the test 
facility. Thus, for separation distances up to — = 3.75, the cone wake alv/ays diverged 

dc 

as in figures 6(b) to 6(j), whereas for — > 4.60, the cone wake always converged as in 

*^c 

figure 6(m). The separation distances between 3.75 < < 4.60 comprised an inter- 

ne 

mediate range wherein both cone wake configurations were obtainable at a given separa- 
tion distance as in figures 6(k) and 6 ( 1 ). The existence of an intermediate range of sepa- 
ration distances became evident during one of the tests when a divergent wake that had 
persisted throughout the tunnel operating pressure range suddenly collapsed into a con- 
vergent wake after the pressure had decreased to a level near the unstarting pressure. 
The convergent wake then persisted throughout the tunnel pressure range. This effect 
also occurred at higher pressures, but once a divergent wake collapsed, it could not be 
made to diverge again. The factors involved in collapsing the divergent wake are not 
known. Temperature, which affects boundary-layer characteristics, should not have been 
a factor because the tunnel was operated at sufficiently long periods of time for the model 
temperature to have stabilized. 


Within the range of separation distances for divergent cone wakes, the bluffness of 
the bow shock wave, the shock standoff distance ahead of the cone, and the wake angle 
decreased as the wake elongated with increasing separation distance. Simultaneously, 
the cone wake masked an increasing amount of afterbody front surface so that at a sepa- 

ration distance of only ^ = 0.56 (fig. 6(f)), virtually all of the afterbody front surface 

°c 

was immersed in the cone wake. In the range of separation distances for convergent 
cone wakes, no effect of separation distance on cone wake geometry was observed. How- 
ever, the presence of the cone sting may have influenced the location of the cone wake 
neck. 


Pressure Distribution 

Zero separation distance .- The pressure-distribution model was tested both with 
and without the burble fence when the forebody and afterbody were unseparated. The 
model without the burble fence was tested primarily to provide reference data. Ram 
and surface pressures from these two configurations yielded the local Mach numbers 
given in figure 7 as determined from the ratio of local static pressure to local total pres- 
sure. These results show that the local Mach numbers were approximately the same for 
both configurations. Thus, the flow characteristics were not affected by the presence of 



the buxble fence for i/alues of — < 0.90. Sonic conditions occurred on the afterbody 

■r* 

where the local radius was approximately — = 0.81. 

Longitudinal ram- and surface-pressure coefficient distributions obtained at zero 
separation distance are presented in figure 8 for the model with and without the burble 
fence. Pressure data for these configurations are also given in tables I and II. The 

plotted data show that ram pressures upstream of the sonic point were about 3.5 percent 
higher than the stagnation-point pressure and, as indicated in table II, were nearly twice 
the free- stream dynamic pressure. On the model without the burble fence, the ram pres- 
sure obtained near the maximum diameter of the afterbody (fig. 8(a)) was substantially 
reduced by normal-shock losses resulting from the formation of a detached shock wave 
ahead of the orifice. 

The surface -pres sure data for both model configurations showed a negative grad- 
ient where the flow was attached and shov/ed fairly uniform values at less than free-stream 
static pressure along the rear surface of the afterbody. Although the cone rim touched the 
afterbody at this separation distance, the space between the bodies was vented to the 
stream. Consequently, the data obtained along tw- cone back surface and along the after- 
body front surface that was shielded by the cone indicated that the pressure within this 
space stabilized at a level to which the external flow expanded around the cone rim. The 
peak pressure on the afterbody just downstream of the cone rim indicates reattachment 
of the shear layer after its separation off the cone rim. The surf ace -pre ssure rise and 
peak shown near the burble fence in figure 8(b) is associated with boundary-layer flow 
separation from the afterbody surface and its subsequent reattachment on the front face 
of the burble fence. 

With the exception of the region near the cone -afterbody; juncture, these pressure 
distributions showed characteristics that were similar to those obtained on the attached 
inflatable decelerator model of reference 3 designated as shape 2. The sensitivity of the 
pressures in this region to surface perturbations is shown in figure 9, where pressures 
obtained from the reference model are compared with present values. As shown in the 
sketch at the top of the figure, the afterbody profiles of both models ahead of the burble 
fence we're similar, but the reference model was constructed with a compression corner 
at the cone-afterbody juncture instead of a rearward-facing smp- as on the present iiiodel. 
Consequently, a less favorable pressure gradient resulted along the cone forebody of the 
reference model such that its v’lre "’as nearly zero at the yinct”re. 

Se paration distances gr e ater t han zero.- For separation distances uO io = 2.43, 

the divergent cone wake affecteJ the ram and surface pressures as showii in figures 10(a) 
to 10 (i) and in tables I and II. From figure 10 it is observed th?^. cJung the cone front 
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surface, the negative pressure gradient became stronger with increasing separation dis- 

tance up to — = 0.23 and remained relatively unchanged at the longer separation dis- 
dc 

tances. The pressures along the cone back surface were fairly uniform at all separation 
distances but decreased with each extension since the volume enclosed by the cone wake- 
shear layer increased. These observations correlate with those from figure 6 con- 
cerning the bow shock-wave shape, its standoff distance, and the decreasing cone wake 
angle. On the afterbody, a most significant observation was the devastating effect on 
ram- and surface -pressure distributions produced by the cone wake. The ram and sur- 
face pressures that were exposed to the wake environment collapsed to values as low as 
the cone base pressure, and each extension of the separation distance increased the area 

over which the pressures were affected. At a separation distance of = 0,11 

®c 

(fig, 10(c)), the ram pressures downstream of the peak surface pressure associated with 
wake shear layer reattachment began decreasing, and surface pressures in the separated 
flow region ahead of the burble fence began to change because of wake shear layer distur - 


bances. At a separation distance of = 2,49 (fig. 10(i)), all ram pressures showed 

dc 

static values, and surface pressures were depressed all along the front face of the burble 
fence which signified that the entire front face of the afterbody was engulfed by the cone 
wake. Consequently, a divergent cone wake would adversely affect the shape and aero- 
dynamic performance of an inflatable afterbody by virtue of the large changes in loading 


it produces. At the separation distance ~= 2.49, the surface pressures on the front end 

dc 

of the afterbody were only slightly higher than the afterbody base pressure. Presumably, 
a convergent cone wake would occur at a separation distance at which the cone base pres- 
sure and the •:>Jterbody base pressure become equal. No effect of separation distance on 
afterbody baj.e pressure whs observed. 


Figure 10(j) shows che ram and surface pressures over the afterbody without the 
cone forebody. These pressures are considered representative of those obtained at very 
large separation distances free of any influence of the cone forebody wake. For this 
case, the flow along the front face of the afterbody is attached, and the ram. and surface 

pressures are similar to V o.. 3 obtained at — = 0. 

^c 


Influence of Mass RaHo on Body Separation Distance 

The drag coefficients ci the coae fox'ebody and the afterbody were calculated at each 
separation distance by integrating the nressure -distribution curves of fig^cres 8(h) and 10 

and are presented in figure 11. The value given for the cone at the sepai-atlor.. di, 3 iaiice 
of infinity was taken from reference 9 and was adjusted to true cone base pressure. As 
shown, the drag coefficient of the cone forebody increased with increasing s'^'p^^ratiop 
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distance, whereas effects of the divergent cone wake resulted in decreasing values of the 
afterbody drag: coefficient. At larger separation distances where the cone wake con- 
verges, higher values of the afterbody drag coefficient would be expected such as indi- 
cated by the data point at — = 

dc 

These drag coefficients were used in computing the acceleration of each body for 
values of afterbody-to-forebody mass ratio between 0 and 6,2. The results showed that 
at every separation distance, there exists a value of afterbody-to-forebody mass ratio at 
which the acceleration of both bodies will become equal, and, therefore, the bodies will 
not continue to separate. A locus of points defining the limiting distances to which the 
present bodies will separate is plotted in figure 12 as the variation of mass ratio with 
separation distance. The curve applies only for an afterbody-to-forebody area ratio 
of 6.2, Within the range of separation distances where the cone wake diverges, the 
limiting separation distance is very small at high values of the mass ratio and increases 
as the mass ratio is reduced. The trend of the curve suggests that there is a minimum 
value of mass ratio less than mg^ym^ = 1.55 below which the separation distance would 
be unlimited, A minimum value of mass ratio should occur at the separation distance 
at which the cone wake first converges since the drag of the afterbody would increase as 
effects of the divergent cone wake diminished. At sufficiently large separation distances 
where cone wake effects are negligible, the mass ratio for unlimited body separation 
increases to 4.36. 

Admittedly, these results ignore the relative motion and other dynamic effects that 
might exist between the forebody and afterbody in actual flight since they are based on 
static test data. However, in view of the unrealistically low mass ratios that appear to 
be required for unlimited separation, it is doubtful that a payload can be extricated from 
the forebody by using the afterbody at supersonic speeds. 

CONCLUSIONS 

A wind-tunnel investigation of an attached inflatable decelerator concept was con- 
ducted at a Mach number of 3,0 with solid models to observe the effects of varying the 
separation distances between the 120° cone forebody and the inflated afterbody shape on 
flow patterns and pressure distributions. Attention was focused on the influence of the 
bluff forebody wake on the afterbody to aid in determining the feasibility of using the 
inflated afterbody to extricate a payload from the forebody. With burble fence included, 
the afterbody-to-forebody frontal area ratio was 6.2. The results, which did not account 
for dynamic effects, indicated the following conclusions: 



1. There are specific ranges of body separation distances for which the cone fore- 
body wake is either divergent or convergent. In addition, there is an intermediate range 
between 3.75 and 4.60 cone forebody diameters wherein both types of wake configurations 
are obtainable at a given separation distance. 

2. A divergent wake will adversely affect the shape and aerodynamic performance 
on an inflatable afterbody by virtue of the large changes in loading it produces. 

3. Computations of the accelerations of each body using drag coefficients from the 
experimental pressure distributions indicate that separation of the two bodies at Mach 3.0 
appears feasible only for low values of afterbody-to-forebody mass ratio (less than 1.55). 

Lai^ley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., April 28, 1971. 
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TABLE I.- MODEL COORDINATES AND SURFACE PRESSURES 


Surface 

Orifice 

X 

^b 

r 

^b 






3 for 6 /dc of 

- 





^0 

0 

0.028 

0.057 

0.113 

0.226 

0.339 

0.565 

0.905 

1.357 

2.490 

« 

Cone 

1 

0 

0 

1.758 

1.753 

1.765 

' 1.760 

1.763 

1.753 

1.758 

1.758 

1.754 

1.760 

1.757 


front face 

2 

.011 

.050 

1.722 

1.713 

1.718 

1.705 

1.696 

1.677 

1.683 

1.695 

1.678 

1.692 

1.698 



3 

.039 

.100 

1.691 

1.686 

1.684 

1.668 

1.653 

1.631 

1.634 

1.644 

1.633 

1.643 

1.654 



4 

.068 

.150 

1.653 

1.637 

l.r51 

1.632 

1.696 

1.596 

1.596 

1.604 

1.590 

1.595 

1.620 



5 

.097 

.200 

1.636 

i.r ) 

1.322 

1.601 

1.579 

1.558 

1.560 

1.565 

1.553 

1 566 

1.574 



6 

.125 

.250 

1.614 

1.602 

1.594 

1.568 

1.540 

1.515 

1.518 

1.517 

1.501 

1.522 

1.527 



7 

.154 

.300 

1.596 

i.5'<3 

1.569 

1.535 

1.498 

1.470 

1.473 

1.475 

1.459 

1.478 

1.479 



8 

.183 

.350 

1.570 

1.562 

1.536 

1.494 

1.438 

1.402 

1.403 

1.410 

1.389 

1.406 

1.409 



9 

.212 

.400 














10 

.232 

.435 

1.512 

1.504 

1.427 

1.351 

1.199 

1.079 

1.076 

1.086 

1.069 

1.081 

1.085 


Cone 

11 

0.240 

0.435 













rear lace 

12 

.223 

.400 

1.393 

1.366 

1.405 

1.317 

1.107 

0.767 

0.581 

0.377 

0.240 

0.167 

0.095 



13 

.199 

.350 

1.395 

1.365 

1.419 

1.315 

1.117 

.771 

.587 

.388 

.252 





14 

.174 

.300 

1.396 

1.364 

1.404 

1.315 

1.108 

.769 

.583 

.380 

.244 

.172 

.099 



15 

.150 

.250 

1.394 

1.364 

1.412 

1.324 

1.110 

.763 

.578 

.377 

.241 

.168 

.094 



16 

.126 

.200 

1.404 

1.375 

1.406 

1.317 

1.102 

.753 

.558 

.351 

.211 

.141 

.065 



17 

.102 

.150 

1.394 

1.370 











Afterbody 

18 

0.007 

0.150 












1.673 

front face 

19 

.018 

.175 

1.397 

1.375 

1.404 

1.316 

1.107 

0,768 

0.581 

0.377 

0.234 

0.149 

0.080 



20 

.026 

.201 



1.408 

1.320 

1,107 

.764 

.576 

.374 

.224 

.139 

.071 

. .6P5 


21 

.037 

.225 

1.397 

1.380 

1.404 

1.315 

1.106 

.768 

.579 

.375 

.230 

.145 

0^3 

1 6C8 


22 

.046 

.250 
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(a) Flow-visualization model and support. 



(t) Pressure-dlstritiution model and support. 
Figure 3*- Model- sting-mount configurations. 
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Figure 5»- Schlieren photograph of 120° cone at Mach 5.0 
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Figure 6.- Continued. 
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Figure 6 


Continued. 
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Figure 6 .- Continued. 
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Figu-re 7«- Surface Mach numbers along decelerator afterbody at zero separation distance 

for free-stream Mach number of 5*0« 
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(b) With hurhle fence. 


Figure 8.- Concluded. 
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Figure 10.- Continued. 
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Figure 10.- Continued. 
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Figure 10 .- Continued. 
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